We performed electronic structure calculations based on the first-principles manybody theory approach in order to study quasiparticle band gaps, and optical absorption spectra of hydrogen-passivated zigzag SiC nanoribbons. Self-energy corrections are included using the GW approximation, and excitonic effects are included using the Bethe-Salpeter equation. We have systematically studied nanoribbons that have widths between 0.6 nm and 2.2 nm. Quasiparticle corrections widened the Kohn-Sham band gaps because of enhanced interaction effects, caused by reduced dimensionality. Zigzag SiC nanoribbons with widths larger than 1 nm, exhibit halfmetallicity at the mean-field level. The self-energy corrections increased band gaps substantially, thereby transforming the half-metallic zigzag SiC nanoribbons, to narrow gap spin-polarized semiconductors. Optical absorption spectra of these nanoribbons get dramatically modified upon inclusion of electron-hole interactions, and the narrowest ribbon exhibits strongly bound excitons, with binding energy of 2.1 eV.
I. INTRODUCTION
After the synthesis of graphene 1 , and the discovery of its unique electronic, optical and thermal properties, research on low-dimensional materials has increased tremendously.
Graphene is attractive because of its unique properties such as its high electronic conductivity, and high mobility at room temperature [2] [3] [4] . However its applications are limited in semiconducting devices because of its zero band gap. This gaplessness of graphene has motivated the discovery of alternate nanomaterials that possess finite band gap, and have the potential to replace the silicon in semiconductor technology. Recently two-dimensional (2D) materials which have finite band gap such as monolayers of hexagonal boron-nitride (h-BN) 5 , transition metal chalcogenides (MoS 2 , WS 2 etc.) 6, 7 , and phosphorene have been successfully synthesized 8 .
Quasi one-dimensional materials such as nanoribbons, nanotubes, nanorods, and nanowires have also attracted attention because of their interesting photochemical, photophysical, and transport properties 9, 10 . Nanoribbons (NRs), in particular, have received great attention from researchers because of their unique electronic properties which can be modified on the basis of their edge configuration, and width. Quantum confinement because of the presence of edges, and their different possible passivations, lead to interesting optical, electronic and magnetic properties. Graphene nanoribbons (GNRs) and boron-nitride nanoribbons (BNNRs) have been experimentally synthesized by unwrapping of carbon nanotubes, and BN nanotubes, respectively 11, 12 . Armchair GNRs (AGNRs) are non magnetic semiconductors for all widths, and have oscillating band gaps over families, approaching the zero band gap of a 2D sheet, for large widths 13 . Zigzag GNRs (ZGNRs), on the other hand, have tunable band gaps ranging from metal to semiconductor, depending on the width, and passivation edges 14, 15 . Furthermore, ZGNRs also exhibit half-metallic behavior with spin-polarized band gaps when an electric field is applied along the direction of the width of the ribbons, and their gaps can be controlled by the strength of the electric field 16 .
C and Si have same number of electrons, therefore SiC structures are stable in bulk and have electronic properties which are intermediate in between bulk Si and carbon structures. Silicon carbide (SiC) crystallizes in several forms such as hexagonal, rhombohedral, and cubic Bravais lattices 17 . Bulk SiC is a wide band gap semiconductor, and has been used in high-temperature, high-pressure and high-frequency device applications 18, 19 . The 3 graphene-like 2D SiC monolayer has not been experimentally fabricated yet, but has been extensively studied using theoretical methods [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] . Unlike graphene, it is a direct band gap semiconductor with a band gap of 2.5 eV. An ultra-thin SiC nanosheet which has a thickness of 0.5 − 1.5 nm has been fabricated, and is used in light emitting applications 30 . Various
SiC structures such as SiC nanotubes, SiC nanowires, microribbons, and crystalline and bicrystalline nanobelts have also been successfully synthesized [31] [32] [33] [34] . Furthermore multilayer
SiC nanoribbons in lengths of micrometers, and thicknesses of nanometers have also been synthesized 35 .
As far as theory is concerned, SiC nanoribbons have been extensively studied using first- 43 studied the effects of vacancies on the electronic structure of ZSiCNRs by using the DFT-GGA approach, and found that double (Si and C) vacancies induce magnetism. Ultra narrow ZSiCNRs were studied by Ping et al. 44 including short-range exact exchange effects, and they obtained lower edge energies, and higher band gaps, as compared to the ones computed using GGA.
It is well known that the DFT-based approaches underestimate the band gap in semiconductors, because they do not include electron correlation effects. 45 It has been demonstrated that in nanoribbons, not including correlation effects causes severe errors as compared to their bulk counterpart, because in low-dimensional systems these effects are enhanced [46] [47] [48] [49] [50] [51] [52] .
It will be also be interesting to study many-body electron-electron interactions in evaluating accurate band gaps and electron-hole effects in order to calculate optical absorption spectra in ZSiCNRs; this knowledge will enable the exploration of their potential in optical device applications. In the present work, we calculate the quasiparticle band structures and the optical absorption spectra of ZSiCNRs by using GW approximation, and by solving the Bethe-Salpeter equation (BSE), respectively. We find that ultra-narrow ZSiCNRs, with widths narrower than 1 nm, are non-magnetic semiconductors. GW corrections open up significant band gaps in ZSiCNRs that are wider than 1 nm, and transform them from half-metals to semiconductors. We find that narrowest ZSiCNR, with the width of 0.6 nm, has strongly bound excitons, with a binding energy of 2.1 eV, while other nanoribbons have weakly bound excitons because their band gaps are too small. Therefore, the narrowest ribbon can be utilized in optoelectronic applications in the infrared frequency range. Broader nanoribbons exhibit distinct band gaps for the two spin orientations, and, therefore, they can be utilized in spintronic devices such as spin valves.
The remainder of this paper is organized as follows. Section II presents details of computations employed in this work, while section III presents results of our calculations on ZSiCNRs of varying widths. Finally, in section IV, we present our conclusions.
II. COMPUTATIONAL DETAILS
We carried out first-principles many-body electronic structure calculations for ZSiCNRs using a three-step procedure. Firstly, the DFT calculations are performed using a plane wave approach, in the generalized gradient approximation (GGA), 53 with Perdew-Burke-Enzerhof (PBE) pseudopotentials. 54 Geometry optimizations were carried out using the computer program Vienna ab initio simulation package (VASP) 55 . All the nanoribbons considered here were fully relaxed until the force on each atom was lower than 0.01 eV/Å. The threshold energy convergence was set to 10 −4 eV. A Monokhorst k-point grid of 1 × 1 × 11 was used for Brillouin zone integration during the relaxation. After the relaxation, we used optimized atomic positions and lattice parameters to calculate Kohn-Sham band gaps of ZSiCNRs using the DFT-GGA approach as implemented in the software package ABINIT 56, 57 . GGA 5 wave functions are a good starting point for the many-body calculations, aimed at including electron correlation effetcs.
In the second step we calculate quasiparticle corrections for the DFT-GGA band gaps using the many-body approach G 0 W 0 approximation 58 , which is a single-shot GW approach for computing self-energy corrections in terms of the Green's function (G), and the screened Coulomb potential (W). The screening effects were included by using the plasmon pole model 59 . A kinetic energy cutoff of 26 Ha has been used for all the systems considered here. Cutoff energies of 5 Ha, and 12 Ha have been used for the correlation, and the exchange, parts of self-energy calculations, respectively. A total number of 200 bands were used, out of which more than 120 were unoccupied. In the last step, the BSE is solved within the Tamm-Dancoff approximation 60 in order to obtain the optical response inclusive of the contribution of the electron-hole interactions, retaining only the resonant part of the Bethe-Salpeter Hamiltonian: This is because the inclusion of the coupling has been shown to have a negligible effect. This approximation has been also used to study similar systems such as graphene nanoribbons, 46,61 and boron-nitride nanoribbons 49 . In the GW, and the BSE calculations, a Coulomb truncation scheme was also used to avoid the inclusion of long range interactions between the periodic images. A 1 × 1 × 30 k-point grid has been used in the the GW and BSE calculations for the systems considered here. Five valence band and five conduction bands were included to obtain the optical absorption spectra. Nanoribbons were considered to be periodic along the z direction, and more than 13 Å wide vacuum layers were taken in non-periodic directions (x and y directions), in order to represent an isolated system. Width of a given ZSiCNR was specified by prefixing it with the number of zigzag lines (N z ) across its width. Thus ZSiCNR-3 denotes a ribbon with N z =3 zigzag lines across the width. In the present work, we have studied ribbons with 2 ≤ N z ≤ 8, which corresponds to widths between 0.6 nm and 2.2 nm.
III. RESULTS AND DISCUSSION
A. Formation energy and stability while the lattice constant was found to be 3.11 Å, for all the structures considered here.
These parameters are in good agreement with previous studies 21, 44 . Here, we calculate the edge formation energies of these nanoribbons in order to understand their thermodynamic stability, during edge formation. We evaluated the formation energy by using the following formula:
where E T is the total energy of the hydrogen passivated zigzag SiC nanoribbon , E SiC is the total energy of the 2D SiC sheet, E H 2 is the total energy of an isolated hydrogen molecule, N SiC is the number of SiC dimers in the unit cell, N H is the number of H atoms in the unit cell, and l is the periodic length of an edge. In general, the lower the value of E f of a material, the higher its stability. The formation energy of ZSiCNRs as a function of width 7 has been plotted in Fig. 1 (c) . Unlike ASiCNRs, 52 formation energy of these nanoribbons is strongly dependent on their width, and it increases with the width of the nanoribbons.
From the figure it is obvious that ribbons which have narrow widths have high stability, suggesting that they will be relatively easier to synthesize in the laboratory.
B. Nonmagnetic ZSiCNRs
Quasiparticle energies
First we discuss the electronic structure of ZSiCNRs with widths N z = 2 and 3, which do not exhibit any magnetic behavior. Ping et al. 44 reported that these two nanoribbons are non-magnetic semiconductors, which do not exhibit half-metallic behaviour within the GGA or HSE approaches, unlike ribbons which are wider than 1 nm. Their DFT-GGA study predicted that ZSiCNR-2 is a non-magnetic semiconductor with a band gap of 0.97 eV, and ZSiCNR-3 is essentially metallic with a band gap of 0.07 eV. Our calculated DFT-GGA and GW band structures of ZSiCNR-2 and ZSiCNR-3 are shown in Figs. 2 (a) and (b ) respectively. The blue lines correspond to the DFT-GGA, while the red lines denote the GW band structure. Our DFT results agree with those of Ping et al 44 . Fig. 2 (a) shows that ZSiCNR-2 is a direct band gap material at the DFT-GGA level, and the gap occurs at the Z point located at the edge of Brillioun zone. After including the many-body effects, computed band structure is depicted by the red lines. We found that quasiparticle corrections increase the band gap from 0.97 to 2.4 eV, which is an indirect one (quasi-direct) at the GW level.
In the GW band structure of ZSiCNR-2, the valence band maximum (VBM) occurs small distance away from the Z point, and there is no change in the conduction band minimum (CBM). Fig. 2 (b) shows the band structures computed by GGA and GW approaches, for ZSiCNR-3. Self-energy corrections widened the band gap from 0.07 eV to 0.45 eV, which is a six fold increase due to electron correlation effects. This increase shows that many-body corrections transform ZSiCNR-3 from a nearly metallic system, to a semiconductor. The corrections enclosed in the red ellipses correspond to the edge states which experience enhanced Coulombic interactions. When compared to GGA band structure, GW bands not only shift but also stretch by an average of 20%-30% because of non-uniform quasiparticle corrections. We find that corrections to the states which derive main contribution from the interior atoms are less linear when compared to states which are predominantly localized on edge atoms. We present projected density of states (PDOS) for ZSiCNR-2 and ZSiCNR-3 in Fig. 3 , in order to illustrate the contribution of various atoms from the edges, and the interior, to different orbitals. PDOS plots show that the VBM in both the ribbons arises from edge 10 carbon atoms, while the CBM is derived from edge Si atoms. The states located on internal C and Si atoms are away from the Fermi-level in both the ribbons. Figure 4 . Optical absorption spectra of (a) ZSiCNR-2, (b) ZSiCNR-3. The blue curve shows the spectrum computed without the contribution of electron-hole interactions, while the red curve represents spectrum calculated by including electron-hole interactions.
Optical absorption spectra
Using the quasiparticle band structure, we calculated the optical absorption spectrum of the ZSiCNR-2 and ZSiCNR-3, with, and without electron-hole interactions as is shown in Figs. 4 (a) and (b) . Electron-hole interactions were incorporated by using the BSE, and in all the calculations the polarization direction of incident light was considered to be along the length of the nanoribbons. We use E g,d notation to label the direct transitions which occur between first valence band and first conduction band as shown in Fig. 2 . The blue curve represents absorption due to interband transitions at the GW-RPA level, while the red curve is a result of solving the BSE, including electron-hole effects. In both the ribbons, the first prominent peak comes from the transition between the first valence band, and the first conduction band. In GW-RPA absorption spectra we can observe that there are several peaks due to different interband transitions in ZSiCNR-2. However, there is only one prominent peak in ZSiCNR-3 which is a result of the transition between the VBM and the CBM. The inclusion of electron-hole interactions changes the spectrum significantly because, not only the positions of the peaks are shifted, but also their shape looks different, when compared with the GW-RPA absorption spectrum. In the absorption spectra of both the ribbons, which include electron-hole interactions, we observe only one intense excitonic peak due to the transition between first valence and first conduction band, E g,d . We did not find any other transitions among other bands, even though we included five valence and five conduction bands in our calculations. In Fig. 4 it is obvious that ZSiCNR-2 has a strongly bound exciton, of binding energy of 2.1 eV (E g,d ), but with relatively weaker intensity, corresponding to the first absorption peak. We also observed another strongly
, with a very high intensity, and binding energy of 1.5 eV, originating at distinct k-points as compared to the first one. These binding energies are significantly larger than the calculated exciton binding energy, 1.17 eV, for the 2D SiC sheet, 25 suggesting that the reduced dimensionality, and quantum confinement, lead to an enhancement in the exciton binding energies of nanoribbons. From among all the ribbons considered here, it is clear that ZSiCNR-2 is a small gap semiconductor which can be used in optical applications in the low energy region of spectrum. Unlike ZSiCNR-2, strongly bound excitons are not observed in ZSiCNR-3 because the band gap is much smaller for this ribbon. Band to band absorption spectrum peak at GW level gets blue shifted upon inclusion of electron-hole effects, as shown in Fig. 4 . The final location of the blueshifted absorption peak clearly implies negative exciton binding energy. Thus, the nature of optical transitions contributing to various peaks is also modified in ZSiCNR-3, once the many-body effects are included.
C. Spin-polarized ZSiCNRs (Table I) . Although, after including many-body effects through GW calculations, half-metallicity disappears, but still the band gaps for two spin orientations are different. The atoms contributing to various states are marked in Fig. 5 (a) . Towards the zone boundary, the states of the first valence and conduction bands of both spins are localized at the ribbon edges. 36 From the 13 spin-up spin-down spin-density plot presented in Fig. 1 (b) , it is obvious that the spins localized on the two edges have opposite spin orientations. The states to the left of the VBM/CBM extend over the entire ribbon width, except for the spin-down conduction band which mainly comprises of the Si edge states. The screening at the edges shows a complicated dependence on the states, which is enhanced in ZSiCNRs because the charge and spin distributions differ at the Si and C edges. Fig. 6 shows that the self energy corrections are highly state-dependent.
The states which are enclosed in rectangular boxes, away from the main region, represent the spin-up edge states (valence states at the Si edge, and conduction states at the C edge).
As the wave vector approaches the zone boundary (Z point), the states get more localized at the edges, 62 and the deviations between up-and down-spin states, as also the energy gap for up-spin states, become larger (cf. Fig. 5(a) ). Thus, the nature of spin-up bands is very similar to the bands in spin degenerate zigzag graphene nanoribbons. The larger spin-down gap at the zone boundary exhibits a smaller quasi-particle correction. A few points enclosed by dashed circles lying outside the main region are σ states. Apart from the first valence and conduction bands, the next few bands comprise both σ and π states (shown in Fig. 6 ). Similar to ASiCNRs, 52 and narrow ZSiCNRs, the σ states have smaller-self energy corrections than the π states.
For the sake of completeness, we also performed calculations on the non-magnetic (i.e., non-spin polarized) states of ZSiCNRs, and found that spin polarized state does not exist for narrow ribbons (N z = 2, 3), and spin-polarized calculations for those ribbons yield the same results as non-magnetic calculations. However, for broader ribbons, both spin-polarized and non-magnetic states exist, and quite expectedly, total energies for the spin-polarized cases are lower as compared to the non-magnetic ones (see Table II ). We also performed GGA and GW calculations for the non-magnetic states of broader ribbons and results are presented in Table III . From the table it is obvious that: (a) at DFT-GGA level band gaps of the ribbons decrease rapidly with their width, and (b) quasiparticle corrections are large for the ultra narrow ZSiCNRs, but they also reduce in magnitude rapidly with the increasing width. Combining these two results, we conclude that non-magnetic calculations predict that broader ZSiCNRs will exhibit metallic behavior. Therefore, an experimental measurement of the band gaps of broader ZSiCNRs can settle the issue whether these systems exhibit a magnetic ground state, or a nonmagnetic one.
We have not presented optical absorption spectra of spin-polarized ZSiCNRs as they undergo different quasiparticle self-energy corrections because of two spin band gaps. We could expect weakly bound excitons in ribbons that are wider than 1 nm. Small band gap of ZSiCNRs which are wider than 0.6 nm makes them potentially useful in IR devices.
IV. CONCLUSIONS
We performed first-principles many-body calculations in order to investigate quasi particle band structures and optical absorption of hydrogen-passivated zigzag SiC nanoribbons whose widths ranged from 0.6 nm to 2.2 nm. For the study, computationally intensive GW approximation was employed to compute the self-energy corrected quasiparticle band gaps.
We also used the BSE to calculate optical absorption spectra including eletron-hole effects.
It was found that the many-body effects are significant due to the reduced dimensionality of nanoribbons. Self-energy corrections transformed nearly half-metallic zigzag SiC nanoribbons with width larger than 1 nm, to semiconductors. The inclusion of electron-hole effects changed optical absorption spectra in a significant manner, both qualitatively, and quantitatively. The excitonic binding energies and luminescence properties are dependent on width of the ribbon. We found that nanoribbon with a width of 0.6 nm has strongly bound excitons with binding energy of 2.1 eV, suggesting its possible utility in optoelectronic applications. We also computed the edge formation energy and showed that narrower ribbons are more stable when compared to wider ones. The unique Coulombic interactions at the spin-polarized edges make zigzag SiC nanoribbons interesting systems to study. As far as behavior of their band gaps with respect to the width is concerned, because the band gaps in half-metallic ZSiCNRs arise due to the presence of magnetic edge states, therefore, broader ribbons are expected to have spin-polarized non-zero band gaps, hinting at their possible utility in spintronic applications, such as spin valves. 
